Abstract-We present photodetector compression measurements to demonstrate the consequences of absorption in undepleted regions close to the depletion region of p-i-n photodiodes. This absorption can modify the frequency response of photodetectors operating above a few milliamperes. The frequency response shows power dependence and additional ripple and rolloff.
A
S RECEIVED photocurrents increase above 10 mA in analog and digital systems, the design of linear highcurrent photodetectors (PD's) which maintain a desirable frequency response (low amplitude ripple, high 3-dB bandwidth) with low nonlinear distortion is crucial. This paper addresses the effects of a nonlinear current component emanating from an absorbing highly doped p-contact on the frequency response of high-current PD's. Absorption in undepleted material has been shown to limit linearity [1] in PD's operated at 1 mA. As the current increases, this nonlinearity can have additional, sometimes undesirable effects that can modify the frequency response and quantum efficiency (QE). To investigate this, the small-signal frequency response of several PD's is measured as a function of dc current.
In the measurement system used to characterize PD frequency response at high average currents, a small portion of a directly modulated isolated 1313-nm distributed feedback (DFB) laser output is combined with a high-power isolated 1319-nm continuous-wave (CW) laser output. The lasers are separated slightly in wavelength to prohibit generation of RF beatnotes in the PD, but close enough to achieve good overlap of the optical fields in the absorbing layers. The DFB laser is used to probe the PD frequency response while the average current is controlled with the CW laser. This technique is similar to one used [2] to measure QE nonlinearities at dc, where a 600-Hz ac signal is used.
The relative frequency response for a 25-m diameter single-heterostructure n-side-illuminated PD with a 0.5-mlong intrinsic region similar to devices in [3] , denoted PD1, is shown in Fig. 1 . The frequency response is measured at various levels of average current and plotted relative to the response when only the DFB laser illuminates the PD with 0.3 mW (0.1 mA). The response decreases at high average currents due to the redistribution of the intrinsic region electric field [4] caused by the photogenerated spacecharge. This effect increases with increasing frequency, as expected [5] , since a proportionally smaller increase in transit time (smaller field perturbation) is required to decrease the response at higher frequencies. In addition to the added rolloff due to space-charge effects, there is an unexpected increase in the overall response as the current increases, with a maximum increase of 0.6 dB at 50 MHz (the lowest measured frequency). An understanding of this mechanism is needed so steps can be taken to minimize, or possibly take advantage of its effects. Previously [1] , it was shown that minority carrier electrons photogenerated in the first few nanometers of undepleted material could enter the depletion region before recombining as illustrated in Fig. 2 . The undepleted p-region acts like a conductor with majority carrier holes so there is a small electric field, , which is proportional to current. In addition to the linear diffusion of minority electrons into the depletion region, there is a component of electron drift current due to . The average distance an electron drifts due to this is small, thus, at low currents, most p-region electrons recombine before reaching the depletion region and so do not contribute to the current. However, as the current (and thus ) increases, the average electron drift distance traveled before recombining increases, resulting in a larger fraction of p-region-generated electrons drifting into the depletion region. Once there, they are quickly swept by the high field to the U.S. Government work not protected by U.S. copyright. n-contact and thus contribute to the current. This results in a power-density-dependent current, thus nonlinearity.
To estimate the average transit distance a p-region electron travels before recombining, a simple expression can be derived. The p-region hole drift current is (1) where is the device area, is the doping density, is the electronic charge, and is the (reduced) hole mobility in the presence of a large . The average electron transit distance due only to drift in the p-region is just (2) where is the electron recombination time. Solving (1) and (2) yields (3) For PD1, (3) results in an average transit distance of 2.4 nm/mA 8 10 cm when the ratio of electronto-hole mobility ratio is reduced [5] , [6] to 15 and the electron recombination time in the p-doped material is taken to be 100 ps [7] , [8] . Note that does not represent an increase in depletion width, rather, is a measure of how far within the undepleted p-region that an electron can be generated and live long enough to enter the depletion region.
As the current increases in PD1 to 35 mA, 84 nm, or a 17% increase in the absorption "thickness" from 0.5 to 0.584 m. This will result in an increase in both the DC QE of 11% and the RF response of 0.91 dB. Experimentally, at 34 mA the dc QE (Fig. 3) increases 7 .5%, corresponding to an radio-frequency (RF) response of 0.63 dB, in agreement with the 50-MHz data point in Fig. 1 , but slightly lower than that calculated using (3) .
Also plotted in Fig. 3 is the simulated dc QE for PD1 with and without p-region absorption based on a one-dimensional model and simulation conditions [1] , [5] that have resulted in good agreement with the measured nonlinearities at high electric fields. The p-region electron lifetime is varied from 50 to 200 ps in the simulation. As can be seen, the increase is not strictly proportional to current due to the exponential p-region absorption profile. The simulation results must be interpreted with caution since the nonlinearity associated with p-region absorption is a function of several material parameters that are not well known, including the minority carrier lifetime in a highly doped p-type material and the ratio of carrier mobilities in the presence of a large number of free scattering centers (holes). These material parameters are estimated in the simulation based on values obtained from the literature [6] - [8] in similar material. Nevertheless, adequate agreement is obtained when the carrier lifetime is reduced from 2 ns (undoped InGaAs) to 100 ps and when the p-region electronto-hole mobility ratio is reduced from 26 to 15.
Increases in dc QE have also been observed in Silicon pi-n PD's [9] - [12] for currents between 10 and 2000 A. To explain observations, [10] suggests that since recombination is the only effective loss mechanism [13] , [14] which results in less-than-unity internal QE, the number of recombining carriers increases less than linearly at higher photocurrents. It is suggested [10] that the fraction of time that a trap site is occupied increases with increasing optical power, which results in a proportionally smaller number of minority carriers that recombine since there are fewer available trap sites. This explanation is in contrast to the hypothesis presented here. We agree that the number of recombination events must increase less than linearly with increasing current to yield an increase in dc QE. However, rather than suggesting that the trap sites are filling, we suggest that the minority carriers spend less time near the trap site (those close to the depletion region) and enter the depletion region before being trapped. Thus a proportionally smaller number of electrons recombine at higher currents and yield an increase in dc QE. While the change in frequency response is small for PD1, the effect scales with current. In addition, for a transit-timelimited PD, the effect of additional carriers emanating from the doped contact may be an increase in response roll off due to an increase in the absorption "thickness." As for absorption near the i-n interface, the electron and hole reverse roles and the nonlinearity is reduced two orders in magnitude since the reciprocal of the electron-to-hole mobility ratio is used in (3) .
Not all devices behave as simply as the above explanation suggests. To demonstrate this, the frequency response of four additional PD's, denoted PD2-PD5 (all from different manufacturers), are measured (Figs. 4 and 5) . PD2, PD3, and PD4 are double-heterostructure devices and the structure of PD5 is unknown. Notice that these devices are not as well behaved as PD1. The frequency response changes dramatically compared to the low-current response. In some cases, the ripple has increased, the change in RF response is greater for the same average current (as high as 1.4 dB for PD2), and the response increase does not extend toward dc in a uniform way (PD2, 3, and 5). The latter observation suggests that there are other recombination nonlinearities that have significant frequency dependence. The dc QE for PD2-PD5 is plotted in Fig. 6 , where only PD3 shows a dc QE increase similar to PD1. PD5 shows negligible dc nonlinearity, PD4 shows a decrease in dc QE, and PD2 shows a periodic increase and decrease in both the dc (Fig. 6) and RF (Fig. 4) QE. Additional work is necessary to explain the behavior in these high current PD's.
In conclusion, the nonlinear effects of p-i-n photodiodes operated at high average photocurrents with doped absorbers adjacent to the depletion region have been investigated experimentally and numerically. Recombination nonlinearities are responsible for an increase in the dc and RF quantum efficiency and for modifying the small-signal frequency response. Somewhat detrimental effects can occur, such as additional ripple and slope in the frequency response.
